Salmonella enterica employs two type III secretion systems (T3SS) for interactions with host cells during pathogenesis. The T3SS encoded by Salmonella pathogenicity island 2 (SPI2) is required for the intracellular replication of Salmonella and the survival inside phagocytes. During growth in vitro, acidic pH is a signal that promotes secretion of proteins by this T3SS. We analyzed protein levels and subcellular localization of various T3SS subunits under in vitro conditions at acidic or neutral pH, inducing or ablating secretion, respectively. Growth at acidic pH resulted in higher levels of SsaC, a protein forming the outer membrane secretin, without increasing expression of the operon containing ssaC. Acidic pH also induced oligomerization of SsaC subunits, a prerequisite for a functional secretin pore. It has previously been described that environmental stimuli resembling the intraphagosomal habitat of Salmonella control the expression of SPI2 genes. Here we propose that such stimuli also modulate the assembly of a functional T3SS that is capable of translocation of effector proteins into the host cell.
Introduction
Secretion of proteins is an essential function for bacterial cells. For pathogenic bacteria, protein secretion is also a prerequisite for the interaction with host organisms or host cells. Gram-negative bacteria have evolved a remarkable variety of mechanisms for the secretion of proteins across the cell envelope. The di¡erent secretion systems have been classi¢ed as type I to V secretion systems (reviewed in [1] ). Among these systems, type III secretion systems (T3SS) and type IV secretion systems are capable of secretion as well as translocation of proteins into eukaryotic host cells. T3SS are complex molecular assemblies that require the function of more than 20 gene products (for review see [2] ).
Salmonella enterica is an important pathogen of animals and humans that causes localized gastroenteritis as well as severe systemic bacteremia. S. enterica is a facultative intracellular pathogen and two hallmarks of Salmonella pathogenesis are the invasion of non-phagocytic cells such as epithelial cells of the intestinal mucosa and the survival and replication inside infected eukaryotic cells. Both mechanisms are linked to the function of two T3SS for virulence proteins present in S. enterica. One T3SS is encoded by a cluster of virulence genes termed Salmonella pathogenicity island 1 (SPI1). The SPI1-encoded system is activated by extracellular bacteria and mediates invasion (reviewed in [3] ). A further pathogenicity island, termed SPI2, encodes the second T3SS [4] . SPI2 genes are expressed by intracellular Salmonella and the gene products are required for the intracellular replication in macrophages [5] , prevention of intracellular killing as well as for systemic pathogenesis in the murine model of salmonellosis [6] . Several subunits of the T3SS of SPI2 show a high degree of sequence similarity to conserved proteins in other T3SS. SsaC is a member of the YscC family of T3SS subunits with 45% and 39% amino acid identity to EscC of entero-pathogenic Escherichia coli and InvG of S. enterica SPI1, respectively. These proteins also belong to the PulD family of secretins that are present in various secretion systems. Oligomers of secretin subunits form ring-like structures in the outer membrane and function as secretion pores [7] . In contrast, SsaV is a member of the LcrD family of proteins that have been proposed to be integral proteins of the inner membrane [8] . SsaN, a member of the YscN protein family [9] , is a putative ATPase and may act as the energizer of the secretion system.
Various secreted and/or translocated substrate proteins of the T3SS of SPI2 have been identi¢ed. Several of these proteins are encoded by genes within the SPI2 locus: SpiC (SsaB) has been proposed as a translocated e¡ector protein that interferes with cellular transport of the host cell [10] . SseB, SseC and SseD are secreted proteins of the T3SS of SPI2, and their function as part of the translocator structure for e¡ector proteins has been demonstrated [11] . SseF and SseG are further secreted proteins encoded by SPI2 [12] , and a contribution of these proteins to the aggregation of endosomes in infected epithelial cells has been observed [13] . The second group of substrate proteins termed Salmonella translocated e¡ectors, or STE, is encoded by genes outside the SPI2 locus. We recently showed that STE proteins are also secreted in vitro under conditions that trigger the secretion of substrate proteins encoded by SPI2 genes [12] .
While the regulation of genes encoding components of the T3SS of various species has been studied in detail, there is only little knowledge about the factors controlling the assembly of T3SS or the secretion and translocation by these systems. However, it is generally assumed that in vivo, translocation of e¡ector proteins only occurs in a highly controlled fashion.
We observed that growth in minimal media imposing starvation for phosphate or divalent cations induces the expression of SPI2 genes and the synthesis of substrate proteins [14] . These growth conditions were not su⁄cient to induce the secretion of substrate proteins. In two previous studies, acidic pH had no e¡ect on the expression levels of SPI2 genes [15] or sspH2 [16] , a gene of the STE family, but there are also indications that acidic pH can induce SPI2 gene expression [17] . The secretion of SseB and further substrate proteins was observed in vitro after growth in limiting minimal media with a pH of 5.0 or below [15] . These observations resulted in the hypothesis that acidic pH sets a speci¢c trigger for the secretion by the T3SS of SPI2.
In this study, we analyzed the requirements for the assembly of a functional T3SS of SPI2. The e¡ect of medium pH on the function of the T3SS of SPI2 was determined. Our experiments indicate that an acidic pH of the external medium is required for the assembly of a functional T3SS and secretion of substrate proteins.
Materials and methods

Bacterial strains and growth conditions
Strains used in this study are listed in Table 1 and the positions of mutations in various SPI2 genes are indicated in Fig. 1 . Sequence analysis revealed that the mTn5 insertion of strain P9B6 is in ssaG and not as previously suggested [6] in ssaV. S. enterica serovar Typhimurium and E. coli strains were routinely cultivated in Luria^Bertani broth containing antibiotics (carbenicillin at 50 Wg ml 31 ; kanamycin at 50 Wg ml 31 ; chloramphenicol at 10^50 Wg ml 31 ) if required to maintain plasmids. The composition of minimal medium has been described before [14] 
Fractionation of bacterial cells
For the fractionation of bacterial cells, a modi¢cation of the sarcosyl method [20] was applied. Overnight cultures of 100 ml were harvested by centrifugation, washed and resuspended in 20 ml phosphate-bu¡ered saline (PBS). All subsequent steps were carried out at 4 ‡C. 5 mg protease inhibitor mix ('bacterial cell cocktail', Sigma) was added per 0.5 g of cells (wet weight) and cells were disrupted by two passages through a French press (Aminco) at a pressure of 82.7 MPa. Intact cells and debris were removed by centrifugation for 30 min at 400Ug. Membrane fragments present in the supernatant were pelleted by centrifugation for 1 h at 100 000Ug. Centrifugation was repeated to remove residual membrane fragments. The supernatant contained soluble proteins. The pellet containing membranes was resuspended in 1 ml 10 mM Tris^HCl, pH 8.0, and 10 ml of 1% (w/v) N-lauryl sarcosine, 10 mM EDTA, pH 8.0 were added. The mixture was incubated for 10 min on ice and centrifuged for 2 h at 100 000Ug to separate the inner and outer membrane fragments. The pellet containing outer membrane fragments was resuspended in 10 mM TrisĤ Cl, pH 8.0 and washed once by centrifugation for 1 h at 100 000Ug to remove residual lauryl sarcosine. Four volumes of acetone were added to the supernatant fractions to concentrate protein by precipitation.
Generation of antisera against recombinant SPI2 proteins
The generation of antisera against recombinant SseB has been described before [15] . Recombinant SPI2 proteins were expressed and puri¢ed essentially as outlined before [14] . Brie£y, primers were used to amplify ssaC, ssaN and ssaV, and to introduce restriction sites as indicated (Table  2) . Polymerase chain reaction (PCR) products for ssaC and ssaV were then ligated to vector pQE30 to generate fusions with a N-terminal tag of six histidines. Expression of the entire ssaV gene was not successful, therefore a fragment of the gene was expressed encoding the C-terminal, hydrophilic moiety of the protein. Fusion proteins were expressed in E. coli XL1-Blue MRFP (Stratagene, Heidelberg) and recombinant SsaC and SsaV were puri¢ed under denaturing and non-denaturing conditions, respectively, on Hi-trap chelating columns (AP Biotech) according to the manufacturer's instructions. The PCR product for ssaN was ligated into pGEX-2T. After expression in E. coli XL1-Blue MRFP, the GST-SsaN fusion protein was Genes encoding the type III secretion system (ssa), the regulatory system (ssr) and substrate proteins (sse) are represented by gray, black, and hatched symbols, respectively. Genes encoding speci¢c chaperones or proteins of unknown function are shown by open symbols. The positions of transposon insertions in mutant strains are indicated by pins. B: S. enterica serovar Typhimurium wild-type and various strains harboring mutations in the SPI2 genes were grown for 16 h in PCN-P media at pH 5.8. Equal amounts of cells as adjudged by OD 600 were processed for Western blot analyses with antibodies raised against the recombinant SPI2 proteins SsaC, SsaN, SsaV and SseB as described in Section 2. Table 2 Oligonucleotides used in this study a Designation Sequence
a Restriction sites introduced for cloning of PCR products are underlined.
puri¢ed by sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) on preparative gels and electro-elution of the relevant protein bands. For the generation of antisera, puri¢ed recombinant proteins were emulsi¢ed with complete and incomplete Freund's adjuvant for initial and booster immunizations, respectively. Antisera were raised in rabbits according to standard procedures [21] and in accordance with national and institutional guidelines for animal handling. The antiserum raised against rSsaC was further puri¢ed to remove unspeci¢c reactions. For this purpose, lysates of S. enterica serovar Typhimurium P7G2 (ssaC: :mTn5) were coupled to CNBractivated Sepharose 4B (AP Biotech) at a concentration of 5^10 mg protein per ml of gel. This matrix was used for batch incubation with antisera. Polyclonal antiserum against OmpA of S. enterica serovar Typhimurium was raised in BALB/c mice. Outer membrane proteins were prepared by sarcosyl extraction as described above. Proteins were separated by SDS^PAGE and transferred onto nitrocellulose membranes. A protein of 33 kDa corresponding to the molecular mass of OmpA was recovered, and con¢rmed by N-terminal amino acid sequencing. The nitrocellulose fragment with OmpA was dissolved in dimethyl sulfoxide and used for immunization according to standard procedures [21] . An antiserum against recombinant RecA of Helicobacter pylori was kindly donated by Dr. Wolfgang Fischer (Max von Pettenkofer-Institut) and showed strong cross-reactivity with S. enterica RecA.
Cross-linking experiments
Bacterial cultures grown for various periods of time in low phosphate minimal media were washed once with PBS, concentrated in PBS to an OD 600 of 10, and the cross-linker disuccinimidyl suberate (DSS, Pierce) was added at a ¢nal concentration of 1 mM. The suspension was incubated for 60 min on ice and the reaction was stopped by addition of 50 mM Tris^HCl, pH 8.0. Samples were analyzed by SDS^PAGE using 7.5% Laemmli gels and Western blotting.
Protein analysis
Proteins secreted by the T3SS of SPI2 were recovered from the bacterial surface as described before [11] . Brie£y, bacteria were concentrated by centrifugation, resuspended in 1 ml of PBS and subjected to vigorous mixing for 1 min on a 'Vortex Genie' mixer. This procedure resulted in the detachment of surface appendages without liberation of cytoplasmic components due to cell lysis [11] . Cell-associated and secreted protein pro¢les of various S. enterica serovar Typhimurium strains were routinely analyzed by SDS^PAGE on Tricine gels (8% or 12%) according to Scha «gger and von Jagow [22] . For analysis by Western blotting, proteins were transferred onto nitrocellulose membranes (BA85, Schleicher and Schuell) using the discontinuous semi-dry blotting procedure [23] . Antibody binding was detected using the ECL system (AP Biotech). Densitometric quanti¢cation was performed with ImageMaster 2D Software (AP Biotech). The expression of lacZ fusions was quanti¢ed according to standard procedures [24] and L-galactosidase levels were expressed in Miller units.
Results
Generation of antisera against subunits of the T3SS of SPI2
For the study of the assembly and function of the T3SS encoded by SPI2, antibodies were raised against recombinant protein subunits of the T3SS of SPI2. To test the speci¢city of the antisera raised against recombinant proteins, Western blots were performed with lysates of various strains harboring mTn5 insertions in SPI2 genes [25] or a deletion in the ssaV gene. Furthermore, we used antisera against SseB, a secreted component of the SPI2 translocon. All of these mutant strains are severely attenuated in virulence in the animal model. Synthesis of SseB as well as of Ssa proteins was absent in strain P8G12 harboring a mutation in ssrB, the gene encoding the transcriptional activator of SPI2 gene expression. A mutation in sscA, encoding the putative chaperone for SseC, had no e¡ect on the levels of any of the proteins. A transposon insertion as well as an insertion of the aph cassette in ssaV resulted in absence of SsaV synthesis. The transposon insertion in ssaV of strain P2D6 was also polar on ssaN, as no synthesis of SsaN was detectable. Synthesis of SsaC was abolished by a transposon insertion in ssaC, however, this mutation also a¡ected the levels of other SPI2-encoded proteins (Fig. 1) . Using antisera against the recombinant C-terminal moiety of SsaV, we observed an intrinsic instability of SsaV. In Western blot analyses, a fragment of about 42 kDa was detected if samples were boiled in sample bu¡er for 1 min prior to electrophoresis. If boiling was extended to 5 min, the SsaVP fragment but no full-length SsaV was detected. Speci¢c antisera were also obtained against recombinant SsaC and SsaN.
Subcellular location of components of the T3SS of SPI2
Subcellular fractionation was performed after growth of S. enterica serovar Typhimurium wild-type and mutant strains in PCN-P at neutral or acidic pH. The sarcosyl fractionation method [20] was employed to separate cytoplasmic and outer membranes. The purity of the membrane preparations was checked by Western blot analyses with antisera against OmpA and the b subunit of ATP synthase, proteins present in the outer membrane and cy-toplasmic membrane, respectively. These controls indicated that e⁄cient separation of inner and outer membrane fractions was achieved (Fig. 2) . The observed aberrant migration of proteins in the outer membrane preparation is likely to be an artifact of residual amounts of sarcosyl.
SsaC, SsaN and SsaV showed distinct subcellular localizations (Fig. 2) . SsaN was detected in the membrane and soluble fractions. More detailed analysis revealed that SsaN was present in the cytoplasmic membrane but absent from the outer membrane fraction. SsaV was detected in the inner membrane fraction in bacteria grown at neutral pH, or at acidic pH to induce secretion. In bacteria grown at neutral pH, SsaV was also present in the outer membrane fraction. An inner membrane association is predicted for SsaV as a member of the LcrD family of proteins and the appearance of SsaV in the outer membrane fraction indicates that sarcosyl fractionation did not allow an unambiguous localization for this protein. After growth of the wild-type strain at neutral pH, SsaC was present in the soluble fraction and the cytoplasmic membrane, but not in the outer membrane. However, after growth at acid pH, SsaC was also detected in the outer membrane fraction. This observation indicates that the pH of the growth medium a¡ects the subcellular location of T3SS subunit SsaC. The subcellular localization of SPI2 subunits was also analyzed after fractionation using sucrose density gradient centrifugation (data not shown). This approach indicated similar subcellular localizations of SsaC and SsaV. However, the distinction between inner and outer membrane fractions was less pronounced, suggesting that protein interactions between T3SS subunits were not fully dissociated in the absence of detergent.
Acidic pH of the growth medium increases levels of
SsaC without increasing expression of the ssaBCDE transcriptional unit
It has been previously established that acidic pH of the growth medium can induce the secretion of substrate proteins of the T3SS of SPI2 [15] . Within a few minutes after the shift of bacterial cultures from neutral to acidic pH, the presence of SseB in a hexadecane-extractable fraction was observed [15] . We also observed that secretion and formation of surface structures containing SseB, SseC and SseD required a longer period of time after the shift to acidic pH [11] . These observations prompted us to analyze the e¡ect of pH on the SPI2-encoded T3SS in more detail.
The e¡ect of growth at acidic or neutral pH on levels of proteins of the T3SS apparatus was analyzed (Fig. 3A) . S. enterica serovar Typhimurium was grown in PCN-P minimal medium at neutral pH and shifted to medium of neutral or acidic pH. This procedure did not a¡ect the cellular levels of RecA, a constitutively expressed protein used as a control. Western blot analyses indicated that signi¢cant levels of SsaC were present if growth continued for 3 h at neutral pH. In contrast, SsaC was already present 30 min after the shift to medium of acidic pH. Densitometric analyses of Western blots revealed that protein levels of SsaC increased rapidly after shift to acidic pH, but that the increase was delayed at neutral pH (Fig.  3B) .
At various time points after the shift, the secretion of substrate proteins of the SPI2-encoded T3SS was analyzed. Secreted protein was detached from the bacterial surface by vigorous mixing of a concentrated bacterial suspension and the presence of SseB in the detached fraction was analyzed by Western blot (Fig. 3C) . Consistent with previous observations [11] , SseB was present in the detached protein fraction 3 h after the shift to acidic pH, but not in the control culture grown at neutral pH.
We next determined whether the e¡ect of medium pH on the cellular levels of SsaC was the result of increased expression of ssaC. Reporter strain MvP131 harbors a chromosomal fusion of a hybrid operon consisting of luc and lacZ to ssaB [14] . This strain allows quanti¢cation of ssaC expression as ssaB and ssaC are in the same transcriptional unit ssaBCDE [26] . MvP131 was grown in Fig. 2 . Subcellular localization of components of the SPI2-encoded T3SS. S. enterica serovar Typhimurium was grown in PCN-P minimal medium adjusted to pH 5.8 or pH 7.4 as indicated. Bacterial cells were pelleted and subjected to fractionation by sarcosyl extraction. The protein concentration of the various fractions (T, total cell lysate; M, membrane fraction ; S, soluble protein; iM, inner membrane fraction ; oM, outer membrane fraction) was determined and equal amounts of protein were loaded onto SDS^PAGE gels. A: Proteins were transferred onto nitrocellulose membranes and SsaC, SsaN and SsaV were detected by Western blot analyses. B: To assess the purity of the various fractions, Western blot analyses were also performed with antisera against the b subunit of ATP synthase, a protein of the cytoplasmic membrane, and against OmpA, an outer membrane protein.
PCN-P at neutral pH and cells were transferred to PCN-P medium at pH 7.4 or 5.8. At various time points after the transfer, samples were taken and reporter expression was determined (Fig. 4) . Expression of luc (data not shown) and of lacZ (Fig. 4) was not induced by the shift to acidic pH. In contrast, lower reporter activities were observed at later time points for cultures grown in medium of acidic pH compared to growth at neutral pH. The reduced expression rates after shift to acidic pH may re£ect the difference in growth stage of the cultures.
These observations indicate that growth in minimal medium of acidic pH increased the cellular levels of subunit SsaC without increasing the expression of ssaBC genes. Thus, increased amounts of SsaC are the result of posttranscriptional regulation.
Oligomerization of SsaC requires acidic medium pH
After growth in PCN-P medium at neutral pH, SsaC (Fig. 3 ) and other components of the secretion apparatus were synthesized but SPI2 proteins were not secreted. This observation suggests that a functional T3SS was not assembled, or that a functional T3SS is not triggered for secretion of proteins. We speculated that acidic pH of the culture medium may also set a speci¢c signal for the assembly of a functional T3SS. To address this hypothesis, the e¡ect of pH on protein interactions of T3SS subunits was analyzed. Previous studies [7, 27] indicated that members of the secretin family form oligomeric ring-like structures in the outer membrane. SsaC is a member of the secretin family in the SPI2-encoded T3SS and is likely to form the outer membrane pore. We performed cross-linking experiments to investigate the e¡ect of the pH of the culture medium and various mutations in SPI2 genes on the formation of oligomeric SsaC complexes. S. enterica serovar Typhimurium wild-type and various strains harboring mutations in SPI2 genes were grown in PCN-P minimal medium adjusted to pH 7.4 or 5.8 (Fig. 5) . Cross-linking was performed using the membrane-permeable cross-linker DSS. The ssaV mutant strains P2D6 and NPssaV (ssaV: :aphT), ssaG mutant strain P9B6, as well as sscA mutant strain P10E11 had cellular levels of SsaC similar to those of the wild-type strain after growth at neutral or acidic pH. The addition of the cross-linker induced the formation of oligomers in bacterial cells grown at acidic pH, namely dimers and trimers of SsaC. DSS is a membrane-permeable compound that allows cross-linking of oligomers in the cytoplasm as well as in the cell envelope. Monomers of SsaC but no oligomers were observed in bacteria grown at neutral pH, indicating that oligomerization does not occur between SsaC subunits in the cy-6 Fig. 3 . E¡ect of medium pH on the levels of SsaC and RecA. The wildtype strain was grown to mid-exponential phase in PCN-P minimal medium adjusted to pH 7.4. Bacterial cells were harvested by centrifugation, equal amounts of bacteria were resuspended in PCN-P minimal medium adjusted to pH 5.8 or pH 7.4 and growth at 37 ‡C was continued. At various time points after the shift aliquots of the cultures were collected and analyzed. A: Levels of SsaC in bacterial lysates were quanti¢ed by Western blot analyses using antisera against recombinant SsaC. The same samples were analyzed for cellular levels of RecA. B: The intensity of the signal for SsaC was quanti¢ed by densitometry. Signal intensities are expressed as percentage of the maximum signal within the dynamic range of the densitometric analysis. C: Secretion of SseB, a substrate protein of the T3SS of SPI2. At 0, 1 and 3 h after the shift, bacteria were pelleted and protein present on the bacterial surface was detached by mechanical shearing. The presence of SseB in the total cell fraction and in the detached fraction was determined by Western blot analyses using antisera against recombinant SseB.
toplasm. In contrast to other strains, no oligomers of SsaC were detected after cross-linking of the ssaG mutant strain grown at acidic pH. The function of SsaG is not known, but an mTn5 insertion in ssaG resulted in a loss of function of the SPI2-encoded T3SS [6] . This defect could be related to the defect in formation of oligomers of SsaC. Formation of oligomers of SsaC was not dependent on the function of ssaV, but required the function of ssaG or genes located downstream of ssaG.
These data suggest that acidic pH of the culture medium is required for the oligomerization of SsaC. Such oligomeric structure will be required for the formation of a functional secretin in the outer membrane of Salmonella and protein secretion and translocation. In the absence of this environmental signal, T3SS subunits are synthesized but not assembled into an apparatus that is capable of protein secretion.
Discussion
Type III secretion systems can secrete proteins into the growth medium, but it is considered that the biological function requires the contact between the bacterial cell and a host cell membrane to enable translocation of e¡ec-tor proteins. This secretion and translocation of proteins by T3SS depends on the coordinated function of a large number of gene products. The expression of T3SS genes is highly regulated in order to warrant expression under conditions where the function of the T3SS is required. Additional environmental cues may represent signals that trigger protein secretion by T3SS. For the T3SS encoded by SPI2 of S. enterica, acidic pH has been previously identi¢ed as an environmental stimulus for the secretion of SPI2-encoded proteins [11, 15, 28] and further e¡ector proteins [12] .
In this study, we analyzed the subcellular localization of components of the SPI2-encoded T3SS under growth conditions that prevent or stimulate secretion. Subcellular Fig. 4 . E¡ect of pH shift on expression of ssaB: :luc lacZ. S. enterica serovar Typhimurium strain MvP131 harboring a fusion of ssaB to a luc lacZY hybrid operon was grown to mid-exponential phase in PCN-P minimal medium adjusted to pH 7.4. Bacterial cells were harvested by centrifugation and resuspended in PCN-P medium adjusted to pH 5.8 or 7.4. Growth of the cultures at 37 ‡C was continued and expression of the reporter gene was assayed at various time points after the shift. Fig. 5 . pH-dependent formation of oligomers of SsaC. Wild-type and various mutant strains de¢cient in SPI2 genes were grown for 16 h in PCN-P medium adjusted to pH 5.8 or pH 7.4. Equal amounts of bacterial cells were harvested and the cross-linker DSS was added to a ¢nal concentration of 1 zmM. Monomers and oligomers of SsaC were detected by Western blot analyses using antisera raised against recombinant SsaC. fractionation indicated that the amount of SsaC in the outer membrane fraction was increased after growth under conditions that stimulate secretion, i.e. acidic pH. We also observed that growth at acidic pH results in increased amounts of SsaC without increasing the expression of the ssaBCDE transcriptional unit. Finally, cross-linking experiments indicated that oligomers of SsaC are present after growth at acidic pH, but not after growth at neutral pH.
SsaC is a member of the YscC/PulD family of secretins. These secretins form oligomeric pores in the outer membrane that are required for the secretion of substrate proteins of various secretion systems such as type II and type III secretion systems, type IV pilus assembly, and ¢lamen-tous phage assembly [29] . As protein secretion and translocation by T3SS requires the formation of a secretin pore in the outer membrane, our data suggest that acidic pH is a trigger for the assembly of a functional, secretion-competent SPI2-encoded T3SS.
Secretion of members of the PulD secretin family, such as SsaC, depends on the function of the general secretion pathway. Accordingly, an N-terminal recognition sequence for the signal peptidase is present in SsaC. In addition, the proper assembly of a secretion pore of PulD oligomers requires the function of accessory proteins such as PulS [30] . Studies of T3SS indicate that proteins with similar functions are present in some systems. For the SPI1 system, InvH has the role of pilot for the SsaC homolog InvG [27, 31] . In Shigella spp. the proper insertion of MxiD, the homolog of SsaC requires the function of MxiM and MxiJ that are components of needle-like structures [32] . However, it is not known if a functional analog of such pilot proteins is present for SsaC in the SPI2-encoded T3SS.
Previous work revealed that expression of SPI2 genes for the T3SS and protein secretion by this T3SS could be dissected [11] . Growth under conditions of nutritional starvation induces the expression of SPI2 genes. However, to observe secretion of substrate proteins, bacterial cells need to be exposed to acidic pH of the culture medium. Consistent with our previous data [14] , but in contrast to a study by Lee et al. [17] , we did not observe increased expression of SPI2 genes at acidic pH. Recently, Miao et al. [16] also reported that expression of sspH2 as a member of the SsrAB regulon is not stimulated by acidic pH. The divergent e¡ects observed by Lee et al. might be due to the rapid shift to a lower pH of 4.5 and the use of a multi-copy reporter construct in contrast to a shift to pH 5.8 and assay of a single-copy reporter fusion in our study.
We propose that several environmental stimuli have to be present to induce the assembly of a functional SPI2-encoded T3SS. Nutritional starvation conditions, but not acidic pH, are required to induce SPI2 gene expression. In addition, the acidic pH of the growth medium is required for the assembly of a functional secretion system. Under these in vitro conditions, the secretion of SPI2-encoded proteins as well as STE proteins does occur. It is conceivable that these environmental stimuli also control the expression and function of the SPI2-encoded T3SS of intracellular Salmonella during infection. This virulence factor is required to modify the fate of the Salmonella-containing phagosome, and the precise regulation by a combination of environmental factors will ascertain that translocation of SPI2 e¡ectors by intraphagosomal Salmonella will take place in the appropriate phase of pathogenesis. The phagosome imposes nutritional limitations on intraphagosomal Salmonella [33] , and during maturation of the phagosome, the vATPase acidi¢es the phagosomal lumen (reviewed in [34] ). Both changes in the environment may also act on the expression and assembly of the T3SS encoded by SPI2. It is conceivable that further speci¢c factors act on the SPI2-encoded T3SS in vivo, since protein translocation across the phagosomal membrane occurs in a contact-dependent manner.
The e¡ect of other environmental stimuli was described for the virulence plasmid-encoded T3SS of Yersinia spp. that is the best-studied system to date [35] . Expression and secretion by the T3SS of Yersinia spp. are regulated by distinct environmental stimuli. Expression of genes encoding the T3SS and secreted Yop proteins is induced by a temperature of 37 ‡C. Under in vitro conditions, low concentrations of Ca 2þ in the growth medium induce secretion of Yops and further increase the expression of the plasmid-encoded genes (reviewed in [36] ). The physiological relevance of the e¡ect of low Ca 2þ concentrations on secretion is not known.
Studies on the T3SS encoded by SPI1 and the T3SS of Shigella spp. also indicate a di¡erent mode of assembly of this system. Puri¢cation and biochemical analysis of needle structures of various SPI1 mutant strains indicated that InvG is assembled into needle structures in the absence of various other components of the SPI1-encoded T3SS [37] . Subunits MxiD, MxiG, MxiJ and MxiM of the T3SS of Shigella spp. have signal sequences for secdependent secretion [38] . In contrast, analysis of the SPI2-encoded T3SS subunits using the program SignalP 2.0 [39] indicated that only SsaC and SsaJ are secreted in a secdependent manner. These observations indicate that structure and assembly of the T3SS encoded by SPI2 are signi¢cantly di¡erent from the SPI1-encoded T3SS.
In conclusion, we have demonstrated that environmental conditions a¡ect the assembly of the T3SS encoded by SPI2. Acidic pH of the growth medium allows the formation of a secretin pore, a prerequisite for the secretion of substrate proteins. Future work has to reveal how the pH of the external environment may a¡ect levels of SsaC and the formation of a functional secretin pore.
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